Abstract. The spring phytoplankton bloom and copepod grazing were studied at a coastal and offshore station in the western Irish Sea during 1997. Maximum chlorophyll standing stocks of 132.8 mg m -2 inshore and 199.4 mg m -2 offshore were measured in late April. At that time, mean water column temperatures were 10 and 8°C at the coastal and offshore station, respectively. Spring bloom production at the coastal station was estimated as 31.2 g C m -2 and was dominated by the diatom Guinardia delicatula. Offshore, production was 28.2 g C m -2 and the bloom was composed of small (≤10 µm) phytoflagellates and the silicoflagellate Dictyocha speculum. Maximum copepod abundance (189 and 544 ϫ 10 3 individuals m -2 , inshore and offshore, respectively) coincided with the spring bloom. Pseudocalanus and Temora ingestion rates were derived from measurements of gut pigment fluorescence, and were found to vary during the course of the spring bloom as a result of changes in gut content. Grazing by late copepodite and adult Pseudocalanus and Temora was variable inshore, but overall accounted for 17% of bloom production. Offshore, 22% of bloom production was grazed with maximum grazing (76% of daily production) occurring at the end of the bloom. Large copepod species were not major grazers of the spring bloom. Greater utilization of spring bloom production by copepods in the western Irish Sea compared to regions of the North Sea is attributed to differences in population size at the time of the bloom.
Introduction
Traditionally, planktonic copepods are considered to play a key role in the transfer of phytoplankton carbon to higher trophic levels during the spring bloom in coastal, shelf and oceanic waters of the North Atlantic. Implicit in this view is the concept of a short food chain. Copepod abundance increases in response to a diatom-dominated spring phytoplankton bloom and provides an important food for larvae and juvenile fish (Cushing, 1989) . Evidence for this comes from early studies of: the spatial and temporal coupling between seasonal cycles of phytoplankton and zooplankton (Riley, 1947; Heinrich, 1962) ; relationships between copepod population development and the spring diatom bloom (Marshall, 1924 (Marshall, , 1949 Marshall and Orr, 1955; Williams and Lindley, 1980) ; the feeding of fish in relation to the distribution of plankton (Savage, 1931; Bainbridge and Forsyth, 1971) . Large copepod species often appear to fulfil this role since grazing by Calanus and Metridia can equal or exceed daily production during the spring bloom (Williams and Lindley, 1980; Smith and Lane, 1988) . However, the importance of grazing by small copepod species such as Pseudocalanus elongatus Boeck, Temora longicornis Müller and Acartia clausi Giesbrecht, which dominate coastal waters (Williams et al., 1994) , is less clear. Fransz and Gieskes (1984) and Roff et al. (1988) point out that for some areas of the North Sea, the time delay between the spring increase in phytoplankton and peak in copepod abundance is such that only a small proportion of the bloom is likely to be grazed. Tiselius (1988) suggested that only in regions dominated by large species is substantial consumption of the spring bloom likely. Nielsen and Richardson (1989) argued that the adaptation of small species to higher temperature, coupled with small over-wintering populations, result in rates of population increase being too slow for the bloom to be fully exploited in northern latitudes. Direct evidence of the importance of copepod grazing in northern European coastal and shelf waters is limited, and few have assessed grazing over the course of the bloom. Studies by Joiris et al. (1982) in Belgian coastal waters and Nicolajsen et al. (1983) in Danish coastal waters support the view that the spring bloom is underutilized by copepods with <5% of bloom production being grazed. However, a feature of the areas studied by Joiris et al. (1982) and Nicolajsen et al. (1983) is that the spring bloom occurs when the water temperature is <5°C, and whether or not the results from these studies are broadly applicable to northern European coastal waters has not been determined.
To explore this question, grazing on the spring bloom by P.elongatus and T.longicornis was studied in the western Irish Sea. Previous studies in this location have shown that the spring increase occurs in late April/May when the water temperature is 9-10°C (Gowen et al., 1995) . Pseudocalanus elongatus and T.longicornis are dominant copepod species (Scrope Howe and Jones, 1985; McCullough, 1996) , and diatoms are reported to dominate the offshore spring bloom (McKinney et al., 1997) .
Method
Six cruises were undertaken in the Irish Sea on board the research vessels 'Lough Foyle' and 'Cirolana' between April and June 1997. The study focused on a shallow (20 m) station in Irish coastal waters (53°43ЈN, 06°09ЈW) and an offshore (90 m) station in the central region (53°47ЈN, 05°38ЈW). During each cruise, a vertical profile of temperature and salinity was recorded. Hydro-Bios and Guildline CTDs mounted on rosette samplers were used on board 'Lough Foyle' and 'Cirolana', respectively. The CTDs were calibrated for salinity by salinometer measurements on discrete water samples. Temperature calibration of the HydroBios CTD was by reversing thermometers. The Guildline CTD was calibrated for temperature in the laboratory. The diffuse vertical attenuation coefficient of photosynthetically active radiation (PAR) was derived from regression analysis of measurements of downwelling PAR recorded at 1 m intervals to a depth of 15 m, using a Li-Cor (cosine corrected) quantum sensor.
Water samples for estimation of chlorophyll, particulate organic carbon (POC) and phytoplankton enumeration were collected from depths selected on the basis of the vertical distribution of temperature and in situ fluorescence measured by Chelsea Instruments Mk III Aquatracka fluorometers mounted on each rosette sampler. Chlorophyll concentration in two size fractions, whole and <5.0 µm, was determined using the method of Tett (1987) . Known volumes of between 0.1 and 0.25 l were filtered through 5.0 µm membrane and GF/F glass fibre filters in a cascade filtration unit. Algal pigments were extracted in neutralized 90% acetone for 24 h at 4°C in the dark. Measurements of extracted chlorophyll fluorescence were made (before and after acidification with 8% HCl to distinguish phaeopigments) using a Turner Designs Model 10 filter fluorometer. The euphotic zone was assumed to extend to the depth at which irradiance was 1% of surface irradiance. Chlorophyll standing stock within the euphotic zone was determined by interpolation of extracted chlorophyll values. Water samples were preserved with acidic Lugol's iodine for determination of phytoplankton species composition and abundance using a sedimentation method described by Tett (1973) . For estimation of POC, known volumes (0.5-1.0 l) were screened through a 300-µm-mesh net before filtering through ashed GF/F filters. Filters were stored frozen before analysis using a Carlo Erber NA 1500 NC, CHN analyser.
During four RV 'Lough Foyle' cruises, additional water samples were collected from a depth of 5 m or from the subsurface chlorophyll maximum for shipboard (simulated in situ) productivity experiments following the 14 C method described by Strickland and Parsons (1967) . Details of the incubation procedure and method of estimating daily euphotic zone production are given by Gowen et al. (1995) . For the RV 'Cirolana' cruise, the offshore station on 14 May and the coastal station on 5 June, daily production was estimated using the equation: ln production = 0.643 (ln chlorophyll standing stock + 3.46)
derived from regression analysis of chlorophyll standing stock against estimates of daily production. Details of this approach are given by Joint and Pomroy (1993) and Gowen and Bloomfield (1996) . All copepod samples were collected by vertical haul from ~3 m above the sea bed to the surface using a 0.6-m-diameter ring net with a 280 µm mesh. Samples for species identification and enumeration were preserved in 4% buffered formaldehyde. Total and species abundances of copepod adults and late copepodite stages were determined microscopically. For each sample, triplicate subsamples (obtained by volumetric subsampling with a 250 ml Schott-Stempel pipette flask) were examined.
Ingestion rates (I) of Temora at the coastal station and Pseudocalanus at the offshore station were derived from measurements of gut fluorescence (Mackas and Bohrer, 1976; Kiørboe et al., 1982; Morales et al., 1991) using the equation:
where k is the gut clearance rate constant and G is mean gut content. Measurements were not made in June because there were insufficient adults and late copepodite stages at the two stations. Mean daily gut content (G) was derived from measurements of gut pigment content of copepods collected at 3-4 h intervals over a 24 h period (although on occasions demands on ship time prevented regular sampling and sampling over a full 24 h period). On retrieval of the net, the sample was poured onto a 150-µm-mesh net and fast frozen. Twenty to 25 adult/late copepodite females were used for estimation of gut pigment content.
The gut clearance rate constant (k) was derived from the time course of gut evacuation. Twenty to thirty adult/late copepodite females were placed in 1 l bottles containing natural sea water and allowed to acclimatize for 3-4 h before being transferred to 1 l bottles containing GF/F-filtered sea water for a fixed period ranging from zero to 120 min. Experiments were run at ambient water temperature. Following each incubation, animals were collected on a 100 µm mesh and fast frozen. Individuals were picked from the mesh and placed onto a small piece of GF/F filter before being ground with 5 ml of cold 90% neutralized acetone using a chilled glass tissue grinder. Pigments were allowed to extract for 2-3 h (at 4°C in the dark) before pigment fluorescence was measured before and after acidification as outlined above. No correction for filter blank or background fluorescence was made (Morales et al., 1991; . The gut clearance rate constant was derived using an exponential function fitted to the data from the initial 60 min of each experiment or before gut pigment content was <10% of the initial value (Head and Harris, 1987; Kiørboe and Tiseleus, 1987; .
The potential loss of pigment resulting from passage through the copepod gut was investigated using low-light-adapted culture of Thalassiosira weissflogii (Hurst) in GF/F-filtered sea water. Five, 1 l bottles were filled with culture (the density was adjusted to give a chlorophyll concentration similar to ambient). Between 10 and 15 adult/late copepodite females were added to three bottles and two bottles (no copepods) were used for controls. Each bottle was double wrapped in aluminium foil and placed in a deck incubator supplied with pumped sea water for 24 h. Triplicate samples for chlorophyll estimation were taken from the culture used to fill the bottles (time zero) and from each bottle at the end of the incubation. A time zero and 24 h sample from each bottle were preserved with acidic Lugol's iodine to estimate cell density using a Sedgewick Rafter chamber and inverted microscope.
The extent of chlorophyll destruction during passage through the gut of copepods was determined by comparing the difference in chlorophyll concentration (normalized to cell density) between the 24 h control and experimental bottles. To account for pigment destruction, the equation of Wang and Conover (1986) was used:
where bЈ is the experimentally determined fractional loss of chlorophyll and phaeopigment.
Results

Hydrography
Throughout the study, the water column at the coastal station was ≥1.0°C warmer and, except for early April, less saline than near-surface waters at the offshore station ( Figure 1A -D). At the time of the first survey (7 April), the water column at the offshore station was stratified. Surface to bottom differences in temperature and salinity were 0.4°C and 0.14, respectively, and surface mixed layer (SML) depth was 47 m [assuming that the bottom of the SML was the depth at which the temperature was 0.5°C lower than the temperature at 2 m (Talling, 1971; Gowen et al., 1995) and that a salinity of 1 has the same effect on density as 5°C]. By 17 April, SML depth was 16 m. Thermohaline stratification was evident at the shallow coastal station during late April and May.
Phytoplankton
A well-defined spring increase in chlorophyll occurred at both stations ( Figure  2 ). In early April, euphotic zone chlorophyll standing crop at the coastal station was double the standing crop offshore, suggesting that bloom initiation had occurred earlier inshore. At both stations, biomass increased throughout April and reached maxima of 132.8 and 199.4 mg m -2 at the coastal and offshore station, respectively. By early June, biomass had declined to 44.3 mg m -2 inshore and 52.8 mg m -2 offshore. The contribution of the <5.0 µm fraction to total chlorophyll standing crop was at a maximum during the early stages of the spring increase. Offshore, for example, the <5.0 µm fraction contributed 34% to chlorophyll standing stock on 7 April, but only 3% on 19 May. At the inshore station, the <5.0 µm fraction did not contribute >16% to the standing stock at any time.
The temporal pattern in primary production was similar to that for chlorophyll standing stock (Table I) . Maximum rates of daily production at the two stations were 1175.0 and 1067.0 mg C m -2 at the coastal and offshore station, respectively. Total production during the spring bloom (derived from interpolation of production data) was estimated as 31.2 g C m -2 at the coastal station and 28.2 g C m -2 at the offshore station. Inshore carbon to chlorophyll ratios ranged from 30.3:1 to 85.4:1 and were generally lower than ratios offshore, where ratios exceeded 100:1 at the beginning and end of the study (Table I) . There was a marked difference in the diversity and abundance of phytoplankton species at the two stations (Table II) . Inshore, the initial stages and peak of the bloom were dominated by the diatom Guinardia (Rhizosolenia) delicatula. Peak standing crop was almost exclusively composed of this species (709.1 ϫ 10 3 cells l -1 ) which represented 99% of the diatom cell count and 94% of the total algal abundance (excluding microflagellates). Following the peak of the bloom, the G.delicatula population collapsed and was replaced by Rhizosolenia styliformis. Offshore, total diatom abundance did not exceed 2.6 ϫ 10 3 cells l -1 until 1 May. At the time of maximum chlorophyll standing stock offshore, the phytoplankton were dominated by microflagellates (1586.6 ϫ 10 3 cells l -1 , predominantly Phaeocystis spp.) and the silicoflagellate Dictyocha (Distephanus) speculum (148.5 ϫ 10 3 cells l -1 ). Microflagellates also contributed to the spring bloom at the coastal station, where maximum abundance (4081.3 ϫ 10 3 cells l -1 ) occurred before the diatom peak.
Copepods
Abundance and species composition. At the start of the study, the two stations supported copepod populations of similar sizes [30 ϫ 10 3 individuals (ind.) m -2 ] and there was a general increase in abundance throughout April (Figure 3 ). Inshore maximum abundance (189 ϫ 10 3 ind. m -2 ) was recorded on 30 April. Maximum abundance was greater at the offshore station (544 ϫ 10 3 ind. m -2 ) and was recorded on 19 May. By early June, population size had decreased at both stations. Throughout the study, the species assemblage was less variable offshore. The most abundant species was Pseudocalanus, which contributed 40-71% of total copepod abundance (Table III) . Inshore, Pseudocalanus dominated during Table I . Euphotic zone depth (m), estimates of daily euphotic zone production (mg C m -2 ), mean euphotic zone concentrations of POC (mg m -3 ) and C:Chl ratios for the coastal and offshore station in the western Irish Sea during April to June 1997. The figures in parentheses are coefficients of variation as a percentage early April, although Temora represented 53% of copepod abundance at the time of peak abundance. The large copepod species Calanus finmarchicus, Calanus helgolandicus and Metridia lucens were rare at the inshore station and only reached a maximum of 18 ϫ 10 3 ind. m -3 at the offshore station.
Copepod gut pigment measurements. For Pseudocalanus and Temora, there was no apparent systematic change in the value of the gut clearance rate constant k during the course of the spring bloom (Table IV) . Mean values for Pseudocalanus and Temora were 0.021 and 0.024 min -1 , respectively. For both species, the maximum gut pigment content was generally measured between late evening and early morning, and lowest values were measured during the day. The mean gut content of Temora declined during the spring bloom with the lowest value (0.26 ng pigment ind. -1 ) measured at the end of the bloom. No such trend was observed with Pseudocalanus, although, as with Temora, maximum values of mean gut content were measured prior to the peak in chlorophyll standing crop. Finally, for both species, the greatest diurnal variation in gut content occurred prior to the Estimates of pigment destruction from three separate experiments for Pseudocalanus were 4.8, 7.3 and 4.5% with a mean of 5.5% (n = 9). This value was used to correct Pseudocalanus ingestion rates. Destruction of pigment by Temora was higher, with estimates from two experiments of 14.6 and 34.4% and a mean of 22.5% (n = 5). To account for pigment destruction by Temora, values of 14.6 and 34.4% were used to correct 5 April and 20 May ingestion rates, respectively. The mean value (22.5%) was used to correct 19 and 30 April ingestion rates.
Discussion
At the coastal station, the spring increase in phytoplankton was already under way at the time of the initial survey on 5 April, with a chlorophyll standing stock of 67.8 mg m -2 . At this time, euphotic zone depth was 21 m, similar to the depth of water at this station, indicating that there was sufficient light for photosynthesis throughout the water column. Initiation of the offshore bloom was delayed until a shallow surface mixed layer had developed. Between 7 and 17 April, the surface mixed layer depth decreased from 47 to 16 m and standing stock increased from 28.1 to 53.1 mg m -2 . Despite this difference in the timing of bloom initiation, there was little evidence for a delay in peak standing crop at the offshore station relative to the peak at the coastal station (Figure 2 ).
Previous observations on phytoplankton composition from the western Irish Sea are limited. The importance of diatoms during the spring bloom at the coastal station was as expected for coastal and shelf waters to the west of the UK (Marshall and Orr, 1930; Wood et al., 1973; Pingree et al., 1976; Boney, 1986) . In addition, the dominance of a single species (in this case G.delicatula), resulting in the peak of the bloom being almost unialgal, is consistent with other studies of the spring bloom (Marshall and Orr, 1930 et al., 1999) . The reason for the absence of diatoms during the offshore spring bloom in 1997 remains unclear. The gut fluorescence method provides a simple means of estimating ingestion rate in the field, although it is not free of methodological problems. There are, for example, questions over the assumption that chlorophyll and phaeopigment can be used as conservative tracers (Baars and Helling, 1985; Conover et al., 1986; Dagg and Walser, 1987; Kiørboe and Tiselius, 1987; Lopez et al., 1988; Penry and Frost, 1991; Head, 1992) . Dam and Peterson (1988) and Wang and Conover (1986) point out the need to correct for pigment loss (see also Pakhomov and Perissinotto, 1997) . For the purposes of their study, Landry et al. (1994) argued against correcting for pigment loss and some authors have made no correction, accepting that the ingestion rate was underestimated . The advantages and weaknesses of correcting for pigment loss are discussed by Head and Harris (1996) . We have chosen to correct for pigment destruction using the equation of Wang and Conover (1986) , although uncorrected estimates are also given in Table IV. In addition to the possible significance of chlorophyll destruction, Head (1986) questioned whether a single estimate of k is adequate for copepods which exhibit diurnal feeding patterns. Furthermore, Peterson et al. (1990) concluded that the gut fluorescence method underestimated ingestion when compared to other techniques, although other studies suggest that gut pigment measurements and other methods yield comparable results (Kiørboe et al., 1982; Baars and Fransz, 1984; Smith and Lane, 1988) . The consensus appears to be that the gut fluorescence method underestimates ingestion, but the extent of the underestimation has yet to be resolved. In this study, widely used procedures have been followed. Thus, while absolute estimates of grazing pressure may be open to question, it is appropriate to make comparisons between patterns of feeding activity observed at the two stations and between this and other studies using similar methodologies.
The estimates of gut clearance rate coefficient (k) for Temora in Table IV are similar to values of 0.024-0.035 min -1 given by Dam and Peterson (1988) for this species. Head and Harris (1987) give rates of 0.004 and 0.020 min -1 for Pseudocalanus. Our estimates are, however, somewhat lower than values given by . There was no systematic change in k during the course of the phytoplankton bloom at either station, although food concentration and quality (Kiørboe et al., 1982) and temperature (Kiørboe et al., 1982; Dam and Peterson, 1988) influence k. With respect to temperature, it is likely that changes in mean water column temperature during this study (2.4 and 1.6°C inshore and offshore, respectively) were too small to show a significant relationship between k and temperature ( Figure 2 of Dam and Peterson, 1988) .
At both stations, ingestion rates were at a maximum during the early stages of the spring bloom and declined thereafter. In general, this appeared to be related more to reduced gut pigment content than any systematic change in gut clearance rate coefficient. During the initial stages of the spring increase, Pseudocalanus and Temora exhibited diurnal feeding cycles which were more pronounced than at the end of the bloom. Such changes in feeding patterns have been reported previously (Nicolajsen et al., 1983; Baars and Oosterhuis, 1984; Head and Harris, 1987) . The reasons for such changes may be related to food concentration and quality [Head and Harris (1987) and references cited therein].
To determine the importance of copepods in the transfer of phytoplankton carbon to higher trophic levels, pigment ingestion has to be converted to carbon ingestion, although this introduces additional error in terms of the carbon to chlorophyll (C:Chl) ratio. Water samples for estimation of POC were screened through a 300-µm-mesh net. This size of net was used to ensure that long chains of Guinardia and Rhizosolenia spp. were not lost, but undoubtedly resulted in nauplii and microheterotrophs being included. Offshore, ratios >100:1 measured at the beginning and end of the bloom may have been due in part to high concentrations of non-algal particulate material found in offshore waters of the Irish Sea during winter and spring (Coombes et al., 1994) . This view is supported by carbon to chlorophyll ratios (mean 22.4:1 and 23.3:1 for the coastal and offshore station, respectively) derived from the equations of Strathman (1967) and estimates of cell volume.
Combining the two data sets (but excluding ratios >100:1 from the offshore station) gives ratios of 39.2 and 42.3 for the coastal and offshore stations, respectively. These values are consistent with published ratios (Parsons et al., 1977) and were used to estimate grazing by late copepodite and adult Pseudocalanus and Temora (Table V) . Ingestion rates for Pseudocalanus at the coastal station were assumed to be the same as rates for this species at the offshore station, and similarly for Temora. Inshore maximum grazing (137.5-219.4 mg C m -2 day -1 ) was closely linked to peak standing stock, but offshore maximum grazing (203.9-256.0 mg C m -2 day -1 ) occurred during the final stages of the bloom. Overall grazing by Pseudocalanus and Temora accounted for 17 and 22% of spring bloom production at the coastal and offshore stations, respectively.
To make comparisons with other studies, it is necessary to derive grazing estimates for other copepod species. Bautista and Harris (1992) assigned similar ingestion rates to Pseudocalanus, Temora and Acartia. For Acartia, therefore, the ingestion rate for each cruise has been taken as the average of the Pseudocalanus and Temora ingestion rate. For Calanus spp. and Metridia spp., an ingestion rate of 130 ng pigment ind. -1 day -1 from has been applied, although assuming a reasonable C:Chl ratio this is considerably lower than the 28 µg C ind. -1 day -1 given for Calanus spp. by Gamble (1978) . For Oithona, an ingestion rate of 14 ng pigment ind. -1 day -1 (taken from has been used. Use of the 280-µm-mesh net will have undersampled early copepodite stages and adult Oithona, although Paffenhöfer (1998) has suggested that the early copepodite stages of species such as Pseudocalanus and Oithona are likely to pass through a 200 µm mesh and should be regarded as microzooplankton. Copepodite stages III and IV of Pseudocalanus, Temora and Acartia represent 20% of the total number of each species during April and May in the western Irish Sea (McCullough, 1996) . Oithona was clearly abundant at both stations during the spring, although the extent of any underestimate in population size is not known. An indication of the significance of grazing on the bloom by early copepodite stages can be obtained by assuming that CIII and CIV abundance was 20% of the late copepodite/adult abundance and an ingestion rate of 14 ng pigment ind. day -1 .
By integrating daily grazing rates during the spring bloom, grazing as a proportion of spring phytoplankton production can be derived (Table VI) . Grazing over the course of the bloom was variable at the inshore station, but reached a maximum of 56% of daily production at the end of the bloom. Offshore, there was a more obvious temporal trend and grazing exceeded daily production (150%) at the end of the bloom. This trend, which appears to be primarily due to increased abundance (see also , is supportive of the classical grazing pattern in which there is a lag between maximum spring bloom standing crop and copepod abundance (Cushing, 1989) . Overall, copepod grazing accounted for ~26 and 45% of spring bloom production at the inshore and offshore stations, respectively; the difference between the two stations being due to the greater population size and grazing by species of Calanus and Metridia offshore. Despite the likely errors in estimating grazing by copepodite stages and Oithona, three conclusions can be drawn from the results of this study. First, the copepod species Pseudocalanus and Temora were important grazers of the 1997 spring bloom in the western Irish Sea. Second, grazing by large species (Calanus and Metridia) was negligible at the coastal station and <10% offshore. Third, our estimates of copepod grazing of the spring bloom are substantially higher than the 1-5% reported by Nicolajsen et al. (1982) , Joiris et al. (1983) , and see also Dagg et al. (1982) .
The temporal trends in grazing pressure reported here suggest the need for estimating grazing over the course of the bloom rather than relying on single measurements to gauge the importance of copepod grazing on the spring bloom in coastal waters. Joiris et al. (1982) and Sautour et al. (1996) summarize results from grazing studies; however, few have followed grazing throughout the bloom in temperate waters. evaluated grazing pressure on chlorophyll standing stock during the spring bloom in the English Channel. Using a C:Chl ratio of 40:1 (to convert pigment ingestion to carbon), equation (1) to convert chlorophyll standing stock to production, and integrating over time, the data of can be used to estimate copepod grazing. On this basis, grazing by the 350-710 µm fraction (predominantly Pseudocalanus, Temora and Acartia) accounted for 16% of production. Small species (200-350 µm, copepodites and Oithona) accounted for 2% and large species (>710 µm) consumed 2%. Conover and Mayzaud (1984) estimated mesozooplankton (≥233 µm) grazing to be between 10 and 30% of spring bloom production in Bedford Basin. Integrating their data over the course of the spring bloom gives a value of 19%.
The results discussed above, together with data from this study, show that in some coastal areas small copepod species are important grazers of the spring bloom. A key factor in determining the level of grazing is the size of the copepod population at the time of the bloom. This is likely to be primarily a function of water temperature since ingestion rate (Kiørboe et al., 1982) and the rate of population development (Durbin and Durbin, 1992) are temperature dependent. Thompson (1982) , for example, showed that the generation time (egg to adult) of Pseudocalanus was 37 days at 9.7°C, but 67 days at 3.7°C (see McLaren, 1965; Uye, 1991) . The food environment (amount and quality) is widely reported to influence copepod grazing and growth Frost, 1972; Paffenhöfer and Harris, 1976; Gamble, 1978; Vidal, 1980) and may be an additional factor in determining the extent of grazing on the spring bloom Sautour et al., 1996) . At both stations in the western Irish Sea, the data suggest that the increase in copepod abundance was related to temperature and chlorophyll standing stock. The data sets are too small for detailed statistical analysis, but combining the data, copepod abundance and chlorophyll standing stock (up to the bloom maximum) were significantly correlated (r = 0.87, P < 0.05). At the offshore station, the spring increase in copepod abundance was correlated with temperature (r = 0.93, P < 0.05). Nielsen and Richardson (1989) suggest that in northern latitudes the rate of population increase of small neritic copepod species is too slow for the spring bloom to be fully exploited. This hypothesis provides an explanation for the difference in grazing pressure observed in the western Irish Sea and the North Sea. Data from the English Channel , western Irish Sea and North Sea (Roff et al., 1988) show that in the English Channel and western Irish Sea the rate of copepod population increase is approximately twice that of the spring copepod population in coastal waters off NE England ( Figure  4 ). In the latter, water temperature during the spring bloom period is ~5°C (C.Frid, personal communication) compared to 8-10°C in the other two locations. One consequence of this is that maximum copepod abundance in the English Channel (7175 ind. m -3 , 50 m water column) and western Irish Sea (up to 12 606 ind. m -3 ) was closely coupled to the spring bloom. In contrast, at the time of the spring bloom in coastal waters of NE England, copepod abundance is typically ~800 ind. m -3 (50 m water column) and does not reach a maximum (~8000 ind. m -3 ) until 2 months after the spring bloom (Roff et al., 1988) . Nicolajsen et al. (1983) only recorded 540 copepods m -3 , with Pseudocalanus and Centropages representing 61% of mesozooplankton biomass (30 m water column). Maximum zooplankton biomass (10 ϫ the spring biomass) was not observed until the summer/autumn period. The food environment does not appear to have been the cause of the low grazing (1-5% of spring bloom production) measured by Nicolajsen et al. (1983) since the spring bloom was dominated by diatoms. However, Joiris et al. (1982) concluded that low grazing (~3%) of the spring bloom in Belgian coastal waters was due to the dominance of Phaeocystis pouchetii (Hariot) Lagerheim (see also Dagg et al., 1982) . observed reduced grazing and lower copepod abundance during a Phaeocystis bloom. However, some authors have argued that P.pouchetii is efficiently grazed by Temora and Acartia (Weisse, 1983) and Calanus spp. (Tande and Båmstedt, 1987) .
There is little indication that grazing was influenced by food availability or quality in this study. Calanoid copepods can feed on particles from 5 to 100 µm in diameter, but typically select a narrower size range (Boyd, 1976) . Small species of copepods such as Pseudocalanus, for example, ingest particles in the 10-30 µm size range (Paffenhöfer, 1984) . It is likely therefore that the <5.0 µm fraction of chlorophyll was associated with cells too small to be grazed. However, only during the initial stages of the offshore bloom, when the <5.0 µm fraction represented 34% of chlorophyll standing stock, was the concentration of available algal carbon below the threshold (35.5-50.0 mg C m -3 ; Gamble, 1978; Kleppel et al., 1996) at which feeding activity is low or ceases. Inshore, the bloom was dominated by the diatom Guinardia (Rhizosolenia) delicatula which has a diameter of 18 µm. The larger phytoflagellates (~8-10 µm) which were a significant component of the spring bloom may also have been grazed by copepods, particularly in the absence of diatoms offshore. Microscopic examination of preserved phytoplankton samples revealed the presence of faecal pellets packed with the silica skeleton of Dictyocha indicating that this alga was also an important food for the offshore copepod population.
In conclusion, results from this study show that the small species which dominate copepod populations in the western Irish Sea are important grazers of the spring bloom. The timing of maximum abundance in relation to the spring bloom appears to be the most important factor in determining the role of these copepod species in the transfer of spring bloom production to higher trophic levels.
